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Popular summary

Imagine Optical DNA Mapping as a factory printing stickers with barcodes that people
have to scan when they are buying things in the supermarket. But the products that are
being sold are not tofu and avocados, but DNA molecules. The customers are quite picky
and want to find out what the product contains before buying it. The list of ingredients
(the DNA sequence) is usually available to read, but the customer does not want to read the
whole list. Their shopping list already is tedious enough. The customer then comes up with
an idea: "Maybe the barcodes that the factory produce should contain the information I
need?”.

Obsessed by the idea, the customer contacts the printing factory. There the customer finds
out that indeed, different products can be labeled by what they contain. There are mainly
two different approaches: one can label some specific ingredient (sparse-labeling) or by
amounts of that specific ingredient on different parts of the product (dense-labeling). But
the amount of products in the super-market is huge, and the labeling methods are not
without inaccuracies and errors, so the customer contacts a PhD student to help him out
with the analysis of the barcodes.

Tools from applied mathematics, computational biology and biophysics are important in
the barcode analysis of the Optical DNA mapping data. The factory becomes a (combina-
torial) auction when the PhD student wants to align a fragmented list of ingredients to the
barcode. Secret paths and states (in a hidden Markov model) are uncovered while looking
for differences (structural variations) between two different barcodes. Statistical physics
and transfer matrices are used when trying to predict theoretical barcodes before receiving
the products. Pearson cross correlation is calculated to find specific category that products
belong to (bacterial species). Sparse optimization is employed to improve the resolution of
the barcodes.

The publications in this thesis contain my various approaches to developing the theoretical
and computational tools for solving the problems of barcode analysis.

iv



Introduction

Optical DNA mapping (ODM) provides us with a variety of methods for visualizing
sequence-specific patterns along stretched, single DNA molecules [1]. A DNA barcode is a
fluorescence profile obtained by sequence-specific labeling of DNA molecules with fluores-
cent dyes, then recording the fluorescence using a microscopy based setup. The stretching
is done usually either on glass [2] or in nanochannels ! [3]. Multiple labeling techniques
for producing sequence-specific patterns have been developed, based either on enzymatic
labeling [4], DNA melt mapping [s], or competitive binding (CB) [6, 7].

The experimental scheme of ODM field was first pioneered by [8], who utilized restriction
enzymes to cut the DNA molecules at specific sites and visualized the length of the resulting
fragments in an agarose gel. More recently, the ODM has advanced significantly, and com-
panies such as Opgen and Bionano Genomics commercially released different platforms for
optical DNA mapping. Bionano Genomics has commercially released two platforms Irys
and Saphyr. These platforms are using labels produced by nicking enzymes and DNA
stretched and visualized in nano-channels. The optical mapping is being increasingly used
in various different genomic applications due to its improved accuracy, decreasing cost,
reads of up to several megabasepairs and high throughput.

The experiments that use CB-based labeling have been shown to be of use for various dif-
ferent applications. It has been shown how it can be used for fast identification of bacteria
[9] and bacterial resistance plasmids [10]. When combined with CRISPR/Cas9, it can be
used for identification of antibiotic resistance genes on single plasmid molecules [11]. CB-
based barcodes can also be used for detecting highly repetitive structures [12]. DNA melt
mapping of single cell DNA genome combined with sequencing of short sequences was
proposed as a complementary tools for the analysis of tumors [13]. Enzymatic labeling was
used for identification of specific molecules of interest in genomes containing gigabasepairs
[14]. Possibility of improving the resolution of the labels and reaching super-resolution was
considered [15]. Enzymatic labeling approach is also used for producing optical maps, i.e.
the locations of enzymes along the DNA as opposed to a sequence-specific pattern, and is

YAl papers in this thesis consider DNA stretched in nanochannels.



used for structural variation analysis and sequence assembly [16, 17].

There are a number of mathematical challenges in the barcode analysis that have been
addressed. For dealing with in-silico predictions, a competitive binding based approach
was developed in [9]. Over multiple time-frames, a fast and scalable kymograph alignment
method was developed in [18]. Hierarchical clustering was used to create a consensus of
multiple barcodes of the same plasmid [10]. Attempts to reduce noise in the kymographs
were considered in [19]. Re-sampling statistics was used to identify bacterial species [20].
Polymer physics of DNA stretched in nanochannels was extensively considered [21, 22], and
relaxation of internal segments of DNA were considered using a simple Rouse-like model

(23].
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1) Labelling with 2) Mapping in nanofluidic channels  3) Barcode analysis
YOYO and Netropsin

Figure 1: Schematic overview of an experiment that produces a barcode as an output. 1) DNA is fluorescently labeled, 2) DNA is
analyzed in nanofluidic channels using fluorescence microscopy, 3) barcode analysis methods are developed to for
instance assign the barcodes to the correct bacteria or identify the presence of resistance genes. The figure is adapted
from Paper II.

Overall the field of ODM has been rapidly growing through-out my studies [24, 25, 26].
The emergence of commercial and high-throughput devices [27, 28, 12] has created access
to huge amounts of data related to ODM. This motivates the development of new method-
ologies and tools to analyze the outputs of the ODM.

I have contributed to the field with developing computational tools and methods for a data-
driven approach on CB-based optical DNA mapping (Papers I-IV) and enzymatic-labeling
based data (Papers V-VI). My contribution to the different papers is summarized in Sec.
11. My contribution to the computational tools is described in Sec. 8. Other projects I
had some smaller part in are summarized in Sec. 10. The main projects I have worked
on was to develop a computational auction based contig assembly approach (Paper I), de-
velop efficient and scalable tools for barcode matching to human genome (Paper II) and
bacterial chromosomes (Paper III), introduce a pipeline for structural variations detection
(Paper IV), a tool for high precision fluorophore localization (Paper V), and improving of
localization accuracy using multi-timeframes (Paper VI).

The rest of the thesis is divided into two parts. The first part is introductory and gives a



theoretical and conceptual background of tools used in my research, as well as individual
contributions to each project, and the main text consists of full texts and supplementaries
of the four published papers and two unpublished manuscripts.

1 DNA sequence as a barcode

In this thesis, we consider DNA molecules that have been labeled [7], stretched inside
nanochannels [s] and imaged with a high sensitivity camera on a fluorescence microscope.
Depending on the labeling method, the sequence-specific fluorescence patterns we get as
an output of the imaging can be "sparse” (meaning that we can visually separate individual
peaks corresponding to labels), "dense” (when we can't separate individual labels), and, in
reality, there is also a gray zone between the two types of labels. See Fig. 2 for examples of
typical fluorescence patterns.

10 % Peak positions
Ground truth positions

Intensity
%

0 10 20 30 40 50 60 70 80 90 100
Position (pixels)

20
" M
0 x-3% % % % Sl

0 10 20 30 40 50 60 70 80 90 100

Figure 2: Examples of typical barcodes representing different fluorescence patterns (Top) Sparse labels, where peak positions closely
match the ground truth positions (Middle) Dense labels, where the shape of the barcode is considered rather than
individual label positions (Bottom) A hard example where some of the fluorophore locations are too close to each other
to be resolved using simple peak finding methods.

Mathematically, we consider three alternative ways how to describe the different fluores-
cence patterns. The first one is to consider just the locations and their amplitudes and is
used to represent optical maps, the second one combines locations (and possibly their am-
plitudes) into a measure, and the third introduces the definition of a barcode. In the first
approach, one typically considers only the locations [29, 30], which leads to the definition
of an optical map:



Definition 1 Given detected locations of fluorophores along the DNA molecule 0 = 601, . .., 0),
and their amplitudes w = {w1, ..., wy}, the optical map is defined as the locations of fluo-
rophores = 01, ... ,0,.

T T T T T
I I I I 1 | Optical map

Position (pixels)

Figure 3: Example of an optical map. Only the locations of the six fluorophores & = 01, . . ., 65 along the molecule are visualized
with the optical map.

This representation is a typical result of the post-processing (peak detection) of the molecule
snapshot on the output of “sparse” labeling fluorescence imaging experiments (see Fig.
2 (Top)), and is used in the optical map alignment. Typically, the peaks in a snapshot
represent the positions of cuts or enzyme locations [31].

A second approach is to combine the locations § and amplitudes w into a weighted Dirac
mass sum of the form

n
My = Y widp, ®
i=1

This approach is used when defining a problem of recovery of spikes [32], and we adapt it
to ODM in Papers V and VI.

The third representation is a standard approach for the densely-labeled experiments, and
does not consider individual positions of the fluorophores [10, 33], but a sequence-specific
finite array of numbers, called intensity profile or a barcode (a barcode is also analogous to
a time series in time-series analysis), and defined as

Definition 2 A barcode B € R" is an array of real valued numbers b; € R", i.e. B =
[b1, ..., by, where n is the length of B.

The barcode value b; at position ¢ represents photon count (including camera read out
effects [34]) collected at a pixel 7 along the DNA molecule (i.e. positions in a nanochannel)
in an optical DNA mapping (ODM) experiment. A few approaches also started using
barcode approach for analysis of the optical maps [24, 35], i.e. also using the amplitudes w
to improve the alignment against reference maps.

Finally, when the experiments are taken over a number of time-frames, then the barcodes
from different time-frames are stacked together into a kymograph. See Fig. 4 for an example
of a typical experimental kymograph.

Definition 3 A kymograph K € R™ ™ is a matrix where each row contains a barcode B,
1=1,...m.
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Figure 4: Example of a typical experimental kymograph. DNA molecule is labeled, inserted into a nanochannel for stretching, and
then the barcodes (intensity profiles) are recovered at different times. A hundred barcodes from different time-frames
are then stacked one on top of the other into a matrix. The kymograph is typically around 200-300 pixels long (this
would correspond to 100-150 kilo base-pairs), and its center-of-mass is fluctuating over time. Intensity in the z-axis is
inverted for clarity, so that the dark pixels represent high intensity.

Barcodes and kymographs are used in papers I-IV.

2 Binding probabilities of fluorescent dyes

For the densely-labeled ODM experiments, we use competitive binding with Netropsin and
YOYO-1 to create a sequence-specific barcode [7]. Netropsin is a minor groove binder with
an affinity to AT-rich regions. The binding of Netropsin blocks the binding of YOYO-1

(which is a non-selective, fluorescent intercalating dye).

To theoretically predict the CB-barcodes based on underlying DNA sequence, a few dif-
ferent biophysical formulations of 1-D lattice models could be used [36]. A standard ap-
proach is to use a transfer-matrix formulation. In this formulation the binding of YOYO-1
and Netropsin are described by a position dependent 8 x 8 transfer matrix 7°(¢). This
transfer matrix includes as parameters the equilibrium binding constants for YOYO-1, and
sequence-specific binding constants for Netropsin, and the free concentrations of YOYO-1
and netropsin. One then writes the total partition function Z as

Z=v()T - T1)---T(N)-v(N +1) )

where vectors v(1) and v(IN + 1) describe the boundary states at the ends of the DNA
sequence [9]. One then also calculates a sequence dependent number of allowed states for
YOYO-1

Zyoyvo(i) =v()T - T(1)---T(i—1)-Oyoyo - T(i)---T(N) -v(N +1) (3



where Oy pyo is the projection operator that projects only to the states associated to
YOY O — 1. We then write the probability of YOYO-1 binding to a base-pair ¢ as

p .
pyovol(i) = ‘”020(’) (4)

See Fig. 5 for an example of the binding probability for a particular sequence.

03 rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr1r1rr1rr1r 111111 1T 1T

0.25

OIIIIIIIIIIIIIIIIIII I I - I I T I I |

GGGCGGCGACCTCGCGGGTTTTCGCTATTTATGAAAATTTTCCGGTTTAA

Figure 5: Binding probabilities of YOYO-1 along a DNA sequence. Zoomed-in version of the first 50 base-pairs binding probabilities.

In Paper I, we more accurately determined the YOYO-1 binding constant and the sequence-
specific Netropsin binding parameters in the transfer matrix by training on an experimental
barcode data-set of circular consensus barcodes from bacterial plasmids.

3 From binding probabilities to theoretical barcodes

The binding probability for a base-pair ¢ describes how likely it is that a given fluorophore
(YOYO-1 or any other fluorophore, depending on the experimental scheme) would be
bound to that particular base-pair of the DNA. However, experiments have a point spread
function (PSF) H that blurs the observations of fluorophores. Consider an array of M
pixels, located at positions y,,, (m denotes the index of the pixel, usually 11 = ngp, y2 =
2Ny, - - - Ym = Mnyy, where ny,, is the number of base-pairs per pixel). Assuming that
we are given binding probabilities p(7) at base-pair positionsi = 1... N, and a PSF

H(z) = e/, (s)



then the theoretical barcode is given by

1 k4nyy, /2 N
B(k)=— ) ( p(i)H (i —j)) , (©6)
1

j:kfnbp/2 i=

where k = npp/2,1 4 1y /2, ..., K 4 nyp /2. See Fig.6 for an example of a theoretical
barcode.

0.16

0.14

0.08

006 | | | | | | |
0 10 20 30 40 50 60 70

Position (pixels)

Figure 6: An example of a theoretical barcode of lzmbda phage . This barcode has a brighter and a darker region which is easily seen
visibly. lambda phage is routinely used for determining the DNA extension in ODM experiments.

In paper II, we develop a scalable method to compute theoretical barcodes for large genomes.
The computation can be made more efficient because PSF around each base-pair has only a
local effect (a few kilo-basepairs). Using this information, the long genome can be divided
into smaller overlapping parts and calculations done on each part independently.

4 Alignment scores

In many applications, such as creating consensus barcodes out of barcodes for individual
molecules [10], there is a need to compare barcodes to each other. Also, there is a need
of comparing the output of different processing methods. To that end, one needs to use
alignment scores.

80



Alot of different alignment scores can be used in the analysis of optical maps [37] and DNA
barcodes [13, 33]. The two standard approaches for DNA barcodes is to use a X% function
as in [13],

LN
X WZX iy, )

where X is normalized intensities (subtracted by the mean and divided by standard devi-
ation) for j = 1... N on the experimental barcode, and Y; ; corresponding normalized
theoretical barcode values. Slightly different figure-of-merit appears in previous works on
densely-labeled ODM barcodes [10], where Pearson Cross Correlation (PCC) is used in-
stead: B -
o EREES SRS O o
VI =) (X =) (v =7 - (7 = 7))

where Y* = {Y;,Yiy1,...,Yisn_1} and X and Y denote the corresponding means of
the barcodes, and the dots indicate scalar (dot) products. The version of PCC that we use

in our papers is inspired by [38]. Both of these approaches relate to more standard method
in time series analysis, the Euclidean Distance [39]

ED?
Cizl_W>Xz2:1_Ci (9)

A few other methods that have not been used before in the analysis of barcodes but we have
found to be of use are the Matrix Profile [40] and dynamical time warping (DTW) [41].
We introduced the use of matrix profile in Paper IV. This method compared sub-barcodes
of one barcode to the sub-barcodes of another barcode, and is useful when for example part
of the barcode is badly labeled. The DTW method elastically aligns two barcodes and can

be used to improve alignment of barcodes with local fluctuations.

In case of optical maps, a standard approach is to use dynamical programming for aligning
[31]. Alternatives include using a summed squared difference of the positions (that are
linked by solving a linear assignment problem [42]), or PCC for the raw/recovered intensity
profiles.

s Evaluation metrics

When the ground truth is known, the accuracy of the alignment between two sets of points
can be evaluated using Jaccard index (Jac), Recall (Rec), or Precision (Pre). Given some
tolerance radius > 0, the points along the estimated optical map are paired with the
ground truth points if the distance is less than this radius. Paired fluorophores are called



true positives (TP), un-paired estimated points are called false positives (FP), and un-paired
ground truth points are called false negatives (FN). These quantities are then used to define
the metrics

#1P Rec— w0 #IP
HTP +#FN + #FP’  H#TP+#FN’ - H#TP+#FP’

(10)

Jac =

Jaccard index measures the overall performance of detection by giving a measure of simi-
larity between the two sets of fluorophores. The Recall and Precision metrics are used to
measure the ability of the algorithm to minimize the FN and FP. When the points being
compared are fluorophore positions, the fluorophores that are identified as TP are used to
calculate the root mean squared error (RMSE):

RMSE = \/Zi]ijip(gi,TP —0irp)
Nrp

2

(11)

where éi’T p is the predicted location of the TP fluorophore ¢.

In paper III we use the evaluation metrics when we investigate whether CB-based ODM
experiments on fragmented DNA molecules from patient samples can be used to decipher
the type of bacteria present in the sample. For the samples with known bacteria species,
we then identify as true positives (and call them discriminative) the DNA molecules that
match to the correct bacterial species, and as false negatives the DNA molecules that match
to an incorrect bacterial species. In Paper IV, we use the Rec metric when we estimate how
many pixels of an ODM experiment the structural variation detection algorithm aligns
correctly. In papers V and VI we used Jac index, Rec and RMSE when considering the
accuracy of fluorophore detection.

6 Evaluating success of alignment

After calculating one of the alignment scores Cyj;gn, it is usually important also to evalu-
ate the significance of the score as compared to a “null model” (i.e. PDF distribution for
maximum scores for non-matching barcodes). Such an approach is based on calculating
p-values with respect to a null model, and requires no ground truth. If a null model prob-
ability density function (PDF) f(C) is known for a score C, the cumulative distribution
for the maximum €' of uncorrelated scores Ci,...,C) is given as

A~ é )\
p(C) = ( / f(C)d(C)> (12)



The derivative of Eq. 12 with respect to C gives us a PDF for the maximum score. In
practice the distribution depends on some fitting parameters which depend on the lengths
of the two barcodes that are being aligned. In particular, A is an effective number and has to
be fitted. To determine the parameters, we generate 1000 random maximum scores C;. The
distribution of these scores is then fitted to the null model. The p-value is then estimated
as 1 — CDF(Cyiign), where CDF is the cumulative distribution of the null model with
the fitted parameters. This gives us a statistics approach to estimating the significance of an
alignment. in Paper I we have developed an approach based on this idea for Pearson Cross
Correlation, since exact distribution is known in that case. We also use this approach in
Papers II, and IV.

7 Polymer physics of DNA

The method of DNA stretching in all of the papers in this thesis is that of nanochannel con-
finement. Studying DNA at larger length scales, DNA can be modeled as a large polymer,
built up by many mono-metric sub-units, parameterized by such parameters as size, shape,
and molar mass. The extension of the DNA depends on the dimensions of the nanochan-
nel, as well as the surrounding solvent, and the molar mass is determined by the number of
monomers [43]. If the channels are smaller than the persistence length, the DNA molecule
behaves according to the theory developed by Odijk [44]. The DNA cannot coil up and
movement is restricted. For nanofluidic experiments, the channel dimensions are usually
similar to the persistence length, resulting in transition regime in between the Odijk and de
Gennes regime, what is commonly referred to as the extended de Genned regime. The de-
gree of extensions is proportional to the contour length of the DNA, and therefore sequence
specific information at some position along the sequence represents a similar position along
the nanoconfined DNA molecule.

When in the nanochannel, the DNA is free to undergo center-of-mass diffusion as well as
local conformation fluctuations. These fluctuations affect the barcode resolution. In order
to understand and model these fluctuations several approaches have been made [45]. We
have taken the approach of simulating Rouse-like chain of a number of beads connected
by springs in paper VI, where we investigate how the effect of local fluctuations on the
resolution in a sparsely-labeled ODM can be reduced by time-averaging.

8 Developing of computational tools for barcode analysis

Approximately half of the research time I spent through-out my PhD years was spent on
developing computational tools and new features in the fields of image analysis, statistics,
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time series-type methods, comparison tools (combinatorial auction, hidden Markov model
(HMM), pairwise dot matching, etc), super-resolution, optimization for my research group
and for our collaborators. The necessity of having tools with graphical user interface arose
once fast and scalable algorithms started being developed for nanochannel-based optical
DNA mappings [18] [10]. The developed tools are routinely used by a group of our experi-
mental collaborators in Fredrik Westerlund’s lab at Chalmers University. The list of all the
tools and their part in each of my research outcomes is summarized in Table 1.

Table 1: List of computational tools developed and curated.

Name of Tool Which paper it is used in
Contig Assembly (CA) Paper [
Human Chromosome Assembly (HCA) Paper II and Paper IIT
HMMSV Paper IV
HPFL-ODM Paper V and Paper VI
lldev Paper I, 11, I, [46]

The contig assembly (CA) tool was used in the Paper I. This tool takes as an input a set of
contig sequences and an experimental consensus barcode. The contig sequences are con-
verted to in-silico theoretical barcodes, and the placement scores along the experimental
consensus barcode are calculated. These scores are then converted to p-value based scores
using a functional form of an extreme value distribution, and the contig barcodes that pass
a p-value threshold are placed along the experimental consensus barcode using a compu-
tational auction algorithm. As the output the tool visualized the placement of the contig
barcodes together with the placement positions. The theoretical challenge here was that,
by the way of construction, the contigs should not overlap. This was why there was a need
to introduce a combinatorial algorithm.

The HCA tool runs through the pipeline steps of comparing an experimental barcode
against a set of in-silico theoretical barcodes obtained from reference DNA sequences. It
combines in-silico theory prediction calculation, alignment of kymographs, calculation of
alignment scores, and various output plots, and p-value calculation. This tool is made
publicly available through the publication of this thesis [47].

The HMMSYV tool is used for detecting structural variations between two barcodes (either
experimental or in-silico). This tool runs a hidden markov model based alignment between
the two barcodes. It also uses a Matrix Profile based p-value generation. This tool is made

publically available together with Paper IV.

The HPFL-ODM tool detects and barcodes DNA molecules in pairs of fluorescence im-
ages, where one of the image-type represents a dense-labeling of the DNA backbone (for
molecule detection) and the other image-type corresponds to sparsely-labeled barcode (for
barcoding purposes). Here, the DNA molecules are labeled by two types of fluorescent dye
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molecules. The fluorescence of the two types of labels emit light at different wavelengths, so
by filtering one can record both channels, the YOYO-1 channel for detecting the molecules
and the other channel for sequence-specific barcode analysis. It then uses a Sliding-Frank-
Wolfe-based approach to detect the positions of fluorophores. In case of multi-timeframe
data, the fluorophore positions are tracked over the time-frames, and the linked trajectories
are aligned and averaged to get a more accurate map.

The LLDEV tools combines many different tools for competitive-binding, melt-mapping,
analysis of experimental barcodes. I have been curating this research tools package since the
beginning of my PhD studies, and it is made publicly available, through the publication of
this thesis, at [48].

9 Software tools from other projects

The number of different tools that are of interest to the barcode analysis of the Optical
DNA mapping is growing rapidly, and here we briefly describe the potential use of some
tools in the ODM analysis.

In Paper IV I introduced the use of methods from time-series analysis to barcode analysis.
One particular method, VALMOD [49] is developed to extract variable length motifs in
data series. This is relevant to the ODM as we could consider structural variations (i.e.
sub-barcodes that represent insertions/translocations, inversions, etc.) as the data series.
This is a possible future project related to the Paper IV.

The dynamical time warping method for time series sub-sequence search has an efficient
implementation, Trillion [41], which I have adapted for the use in ODM, and it has po-
tential use to increase the accuracy of the methods developed in Paper III and Paper IV.

Faster algorithms for calculating alignment scores can be developed and current methods
optimized. Pearson Cross Correlation based scores are analyzed with an algorithm called
SEC-C [50] and this could be of use in improving the speed of algorithms.

A promising open-source tool called OptiScan for analyzing sparse-labeled barcodes [35]
could be used in combination or improved by adapting methods from Paper V and Paper
VI. The results in Paper V were compared to those from OptiScan.

Ideas from topological data analysis could be applied for example for finding periodicity in
the ODM data, as it is done for time-series data using the SWiPerS method [s1].
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10 Related Projects

There was a number of projects that I helped to develop in a bigger or a smaller way, but
didn’t directly participate in publications. These were topics of research of fellow students
in my research group. They considered chromosome assembly using hierarchical clustering
[52, 53], dual labels [54], analysis of cutting rate in DNA damage experiments [ss].

A few other projects I have picked up from previous students, and continued developing
them and eventually turned them into publications. These were the structural variation
detection first considered in [56] (that became paper IV), gene-id [s7] (the alignment al-
gorithm is used in Papers II-IV), and contig assembly [58] (the first project I worked on,
which became paper I).
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11 Overview of publications

Here, I briefly summarize each paper in the thesis and specify my individual contributions.

Paper I: Facilitated sequence assembly using densely labeled optical DNA barcodes: A
combinatorial auction approach

Albertas Dvirnas, Christoffer Pichler, Callum L Stewart, Saair Quaderi, Lena K Nyberg,
Vilhelm Miiller, Santosh Kumar Bikkarolla, Erik Kristiansson, Linus Sandegren, Fredrik
Westerlund, Tobias Ambjérnsson

PloS one. 2018 Mar 9;13(3):e0193900

My roles in this paper: Conceptualization, Formal analysis, Investigation, Methodology,
Software, Validation, Visualization, Writing — original draft, Writing — review & editing.
Christoffer Pichler first began the project as his master thesis. I then proposed and im-
plemented a combinatorial auction approach to solve the problem. The manuscript was
written mostly by me and Tobias Ambjérnsson, I generated results and figures, wrote the
methods section and the supplementary, and contributed to writing the results and discus-
sion sections.

Paper II: Enzyme-free optical DNA mapping of the human genome using competitive
binding

Vilhelm Miiller, Albertas Dvirnas, John Andersson, Vandana Singh, Sriram Kk, Pegah Jo-
hansson, Yuval Ebenstein, Tobias Ambjornsson, Fredrik Westerlund
Nucleic acids research. 2019 Sep 5347(15):¢89-

This article started as a summer project for Jon Andersson (from experimental group of
Fredrik Westerlund at the Chalmers University of Technology) and I was developing data
analysis methods and a software tool (called HCA) at the same time. The manuscript was
mainly written by Vilhelm Miiller (from experimental group of Fredrik Westerlund), while
I contributed to the writing and editing and also wrote the supplementary.
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Paper III: Cultivation-Free Typing of Bacteria Using Optical DNA Mapping

Vilhelm Miiller, My Nyblom, Anna Johnning, Marie Wrande, Albertas Dvirnas, Sriram
Kk, Christian G Giske, Tobias Ambjérnsson, Linus Sandegren, Erik Kristiansson, Fredrik
Westerlund

ACS infectious diseases. 2020 Apr 15;6(5):1076-84.

This paper was continuation of the methods developed for Paper II. I contributed in de-
veloping the software for the matching against the theoretical intensity profiles and writing
the data analysis section of the article.

Paper IV: Detection of structural variations in densely-labelled optical DNA barcodes: A
hidden Markov model approach.

Albertas Dvirnas, Callum Stewart, Vilhelm Miiller, Santosh Kumar Bikkarolla, Karolin
Frykholm, Linus Sandegren, Erik Kristiansson, Fredrik Westerlund, Tobias Ambjérnsson
Plos One, 16(11), €0259670. https://doi.org/10.1371/journal.pone.0259670

My roles in the paper: Data curation, Formal analysis, Investigation, Methodology, Soft-
ware, Validation, Visualization, Writing — original draft. I developed the methods pipeline,
wrote the freely available software package HMMSYV for this project, and generated all the
final result figures and wrote the manuscript with the help of Tobias Ambjérnsson.

Paper V: High-precision fluorophore localization in optical DNA mapping using the slid-
ing Frank-Wolfe algorithm

Albertas Dvirnas, Jonathan Jeffet, Yuval Ebenstein, Tobias Ambj6rnsson
LU-TP 21-51

This paper appears as a manuscript in the thesis. I wrote the pipeline for extracting molecules
from Optical DNA Mapping (where the experiments were run by Jonathan Jeffet from ex-
perimental group of Yuval Ebenstein at Tel Aviv University. I came up with the idea for the
project and developed the software tool, HPFL-ODM. I implemented the Sliding-Frank
Wolfe algorithm, generated the results, and wrote the manuscript.
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Paper VI: Using time-averaging to increase precision in fluorophore localization in nanochannel-

based optical DNA mapping

Albertas Dvirnas, Jonathan Jeffet, Hemant Kumar, Henrik Nordanger, Fredrik Wester-
lund, Tobias Ambjérnsson

LU-TP 21-52

This paper appears as a manuscript in the thesis. The project for detecting and tracking
fluorescent molecules in ODM was started several years ago with experimental data from
Jonathan Jeffet. Hemant Kumar and Henrik Nordanger worked on initial implementa-
tions of different types of analysis methods. I took over the project in 2018. I implemented
the SFW method for multi-frame analysis and used the Rouse-like chain model to run the
simulations, developed the pipeline together with Tobias Ambjornsson, and generated all
the results and wrote the manuscript.
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